These authors contributed equally to this study *Corresponding authors. Fax: 0044 131 777 0334 E-mails: mark.bradley@ed.ac.uk (M. Bradley); a.mount@ed.ac.uk (A.R. Mount) Highlights  A methylene blue-tagged peptide-based probe endowed with a triple anchor was generated for the first time.  The tripod anchor probe was used to produced SAMs with enhanced long-term, thermal and chemical stability  The tripod anchor probe showed efficient electron transfer and protease detection.
Introduction
Self-assembled monolayers (SAMs) have been used for the fabrication of a vast range of devices encompassing organic electronics [1] , molecular motors [2] , sensors and actuators [3] . However, it is in the field of electrochemical biosensors where SAMs have found the most general practical application by providing an effective and versatile system for functionalising electrode surfaces [4, 5] . Among the different types of SAMs, thiols on gold, which typically comprise a sulfhydryl anchoring group attached to a spacer followed by a terminal cargo such as a specific strand of DNA, an aptamer or peptide, have received much attention. In part, this is due to their ease of preparation, driven by the readily formed bond between the sulfhydryl group and the gold surface [6, 7] .
However the Au-S bond, which has a semi-covalent character (with a bond strength of the order of 50 kcal/mol) [7] is quite labile and alkanethiol-based SAMs show significant instability issues which limit their practical use in sensing. The singly bound sulfhydryl groups can be readily displaced from the surface by other thiols, while prolonged storage in phosphate buffer A C C E P T E D M A N U S C R I P T [8, 9] , exposure to elevated temperatures [10] and high salt concentrations [8] can result in desorption of a substantial proportion of the thiolates within a few days [11] .
In order to improve film stability, a variety of anchoring strategies have been explored [12, 13] .
One attractive approach relies on employing multidentate adsorbates; the increased number of thiols are then able to form multiple bonds with the surface enhancing the robustness of the monolayer [14] [15] [16] . Indeed, trithiol based-anchors have proven to be suitable for robust bioconjugation onto gold surfaces and have been employed for attaching DNA strands onto gold thin-films [17] and nanoparticles [18] [19] [20] . As regards electrochemical biosensors, SAMs of dithiolated scaffolds have been exploited for the attachment of antibodies [21] and oligonucleotides [22] , while a trithiol anchor has been used to produce a highly stable DNA sensor platform [23, 24] . However, the tridentate (tripod) anchor approach has not been investigated in the preparation of SAMs in peptide-based electrochemical biosensors.
Peptides have been immobilised on electrode surfaces through Au−S bonds and used for the detection of metastatic activity [25] , proteases [26] , cortactin [27] and other type of proteins [28] . In this context, SAMs need to provide: (1) the correct orientation of immobilised peptides to enable analyte detection, (2) an appropriately packed structure that allows both electron transfer and protein detection and (3) enhanced stability [29] .
In our recent work, we reported an electrochemical peptide-based biosensor for trypsin which consisted of a short peptide sequence, labelled with methylene blue (MB) as a redox reporter and immobilised onto a gold electrode surface using cysteine as the thiol-containing anchor [30] .
In an effort to improve the robustness of this biosensor, we herein describe the synthesis of a tripod anchor probe and its application for the generation of more robust SAMs. We report on the sensing abilities of the new electrochemical biosensor, its stability under a range of conditions, while comparing its analytical performance to that of the benchmark monodentate probe as a control.
Materials and methods.
A C C E P T E D M A N U S C R I P T
Instrumentation
Electrochemical measurements were performed using a conventional three-electrode electrochemical cell driven by a computer-controlled AutoLab PGstat-30 potentiostat running the GPES 4.9 software (EcoChemie, The Netherlands). A platinum wire and a 2 mm diameter polycrystalline gold electrode (IJ Cambria, UK) were used as auxiliary and working electrode, respectively. All the potentials are referred to the Ag│AgCl│KCl (3 M) reference electrode (Bioanalytical Systems, Inc., USA). 
Reagents
Trypsin (MW 23.4 KDa), bovine serum albumin (BSA), 6-mercaptohexanol (MCH), 2,2′-(ethylenedioxy)diethanethiol (PDT) and 10x PBS were purchased from Sigma Aldrich (UK) and used as received. Amino acids and the polystyrene resin with a 2-chlorotritylchloride linker were purchased from GL Biochem (Shanghai) Ltd and NovaBiochem, and all other chemicals from Sigma Aldrich and Acros. All reagents were of analytical grade. All solutions were prepared using protease-free deionised water.
Experimental methods

Synthesis
The detailed synthetic experimental procedures are described in Appendix A: Supplementary Data.
Electrode cleaning and pre-treatment
After immersing in the minimum volume of piranha solution (3:1-H2SO4 (95%): H2O2 (33%)) (CAUTION: piranha solution is strongly oxidising and should be handled with care!) for 10 min in order to eliminate any organic matter from the gold surface, the working electrode was successively polished on a polishing cloth using alumina slurries of 1, 0.3 and 0.05 μm particle size (Buehler, Germany). This working electrode was then further cleaned by immersion in H2SO4 (95%) and then HNO3 (65%) at room temperature for 10 min. Finally, the working electrode was subjected to cyclic voltammetry, carrying out potential cycles between 0 and +1.6 V in 0.1 M H2SO4 at a scan rate of 100 mV·s -1 until the characteristic voltammogram of clean polycrystalline gold was obtained.
Sensing phase preparation protocol
The sensing phase was formed as a mixed SAM on the gold electrode surface by immersing the freshly cleaned and pre-treated gold working electrode overnight at 4 °C in a ethanolic solution of the redox-labelled peptide (40 µM) and freshly prepared PDT (600 µM). After washing with ethanol, the resulting SAM-modified electrode was immersed in 1 mM MCH in ethanol for 1 hour at room temperature. Finally, two washing steps were carried out, first in ethanol and then in phosphate-buffered saline (PBS). The modified electrodes were then stored in PBS solution at 4 °C until use.
Sensor measurements
The modified electrodes were immersed in 1x PBS buffer solution (pH 7.4, optimum in terms of trypsin catalytic activity) and electrochemically interrogated using square wave voltammetry
(SWV, at a frequency of 60 Hz, amplitude of 25 mV and step potential of 5 mV) until a stable background signal was obtained. After addition of the target enzyme, the SWV signal was continuously monitored with time, with the resulting signal gain being expressed as the relative change in SWV peak current with respect to the initial peak current (henceforth called the % signal change). Figure 1A shows the tripod and the monoanchor peptide-based probes (TA-1 and MA-1). TA-1 was synthesised (Scheme 1) through protecting trizma base with DTPM (2) [31] , followed by the addition of (3-bromopropoxy)-tert-butyldimethylsilane in the presence of NaH and the removal of the TBS protecting groups to give 4. The resulting hydroxyl groups were transformed into methylsulfonates which were displaced using potassium thioacetate to give 6. Hydrolysis (HCl/MeOH), then reprotection of the thiols with trityl groups, and amino group deprotection with hydrazine gave the trialkylthiol anchor 9. The redox labelled peptide 10 (MBPhe-Arg-Arg-PEG-2-OH) was synthesised using Fmoc solid-phase chemistry on a polystyrene resin with a 2-chlorotrytyl chloride linker as described in the Appendix A (Scheme S2). This redox peptide was then coupled with the trialkylthiol anchor 9 to give the desired probe TA-1. Synthesis of the corresponding MA probe followed the same protocol but starting from ethanolamine (Appendix A, Scheme S1). 
Results and discussion
Synthesis of the tripod and monoanchor probes
Characterisation of tripod-and monoanchor-peptide SAMs
To investigate the ability of both MA-1 and TA-1 to produce an active sensing layer able to support electrochemical protease detection, SAMs were prepared following a previously described protocol, which involves ternary SAM formation using a combination of probe, ethylene glycol-based dithiol and mercaptohexanol, previously optimised for generating a monodentate-based SAM for protease detection [30] . The successful formation of both redox
active SAMs on the gold surface was confirmed by cyclic voltammetry (CV), which showed a linear dependency of the measured MB peak current on the scan rate (in the range 10-200 mV/s), confirming that the electrochemical response is due to surface-bound redox species ( Figure S1 ). Both TA and MA modified surfaces (referred to as the TA and the MA-sensor)
were then challenged with trypsin. The initial current values measured by square wave voltammetry (SWV) were -1.9 ± 0.5 (n=19) and -6 ± 2 µA (n=14) for the MA and TA-sensors respectively. This is consistent with a higher amount of TA probe on the surface due to its The electron transfer (ET) kinetics exhibited by both probe films were compared using SWV data recorded at varying frequencies and the Komorsky-Lovrić-Lovrić formalism for surfacetethered redox species [33, 34] . Plotting the (I/f) relation vs (1/f) (where f is the interrogating frequency, and I the measured redox peak height) showed a maximum, or critical frequency, fc, which is related to the ET rate (ks) through ks = ɷmax fc (Eq. 2), with ɷmax being a theoretically calculated kinetic parameter (1.18 in this particular case) [33] . The resulting values of maximum frequency corresponded to a ks of 70.8 s -1 for the MA-1 probe (Figure 2A ) and 82.6 s -1 for the TA-1 probe ( Figure 2B ). From these data, it can be concluded that both probes support efficient electron transfer with comparable ET rates in the buffer solution used throughout this work, PBS 1x (pH 7.4). The observed ks values are also comparable to those previously reported for equivalent systems [23, 35] . 
Analytical performance comparison for tripod-and monoanchor-peptide SAMs as electrochemical platform for trypsin detection.
In order to evaluate the analytical characteristics of both probes, MA-1 and TA-1 modified surfaces were immersed in solutions containing varying concentrations of trypsin (1-100 nM)
in PBS. The electrochemical signal measured by SWV was monitored in real-time and the peak current expressed as % signal change for 90 min. As expected, the higher the enzyme concentration in solution, the faster the % signal change that was registered -in line with faster proteolytic cleavage of the methylene blue-tagged peptide immobilised on the gold electrode ( Figure 3 ). Plotting the % signal change at 90 min, taken as a practical maximum timescale of detection, against the concentration of trypsin showed a linear relationship, allowing both sensing platforms to be evaluated and compared ( Figure S2 ). It is worth noting that the signal can be taken at shorter times, and thus, allowing tuning of the time-to-signal to the required sensing concentration range depending on the specific requirements for each application, with potentially faster detection. The analytical characteristics are given in Table 1 . The limits of detection (LOD), calculated as the signal corresponding to the blank minus 3 times the standard deviation for the blank and the dynamic ranges were of the same order of magnitude,
confirming the ability of the tripod anchor probe to provide a suitable sensing platform for trypsin. Furthermore, the tripod probe signal was shown to be sufficiently stable to preclude the need to measure and subtract a negative control response, thereby simplifying analysis at low analyte concentration. 
Stability evaluation for tripod-and monoanchor-peptide SAMs
The stability of the TA-1 probe film sensors was assessed in terms of thermal and chemical stability and compared to the analogous monoanchor MA-1 system. Stability at 4 °C in PBS
was evaluated periodically over 30 days by measuring the SWV signal. As shown in Figure   4A , the TA-1 system exhibited enhanced storage stability when compared to the MA-1 system.
This was observed both in the first 15 days, when TA-1 underwent around half the signal loss of MA-1, and in an essentially unaltered response subsequently up to 30 days, in contrast to MA-1. Immersion in PBS at 40 °C for 2 h and periodically measuring the SWV signal ( Figure   4B ) also showed enhanced TA-1 stability, with the MA-1 signal decrease of 45% at 2 h, contrasting with the 20% registered for TA-1. Both TA and MA-sensors when challenged with PBS containing 2 mM DTT showed that the TA-sensor was totally stable, whereas there was continuous drop in signal for the MA-sensor ( Figure 4C ). This suggests that TA confers SAMbased sensors enhanced stability against competing reducing thiols that can be present in real samples, such as glutathione, or cysteine-rich proteins. Overall TA-based sensors show enhanced stability under all tested conditions, arising from the enhanced affinity that the triple anchor has once bound to the gold surface. Furthermore, tripod-modified surfaces rendered appropriate outputs upon enzyme exposure after each of the stability conditions tested in terms of absolute value and reproducibility ( Figure S3 ).This outcome is in-line with previously reported multi-anchoring systems such as used for DNAbased electrochemical sensors [23] , optical biosensors [17] or nanoparticle decoration [36] ,
although this is the first time this has been applied to peptide-based electrochemical biosensors.
Conclusions
In summary, a methylene blue-tagged peptide-based probe endowed with a triple anchor was generated, immobilised onto a gold electrode surface, and employed for the detection of 
